Two-dimensional transition-metal dichalcogenides (TMDC) are of great interest for on-chip nanophotonics due to their unique optoelectronic properties. Here, we propose and realize coupling of tungsten diselenide (WSe2) monolayers to circular Bragg grating structures to achieve enhanced emission. The interaction between WSe2 and the resonant mode of the structure results in Purcell-enhanced emission, while the symmetric geometrical structure improves the directionality of the out-coupling stream of emitted photons. Furthermore, this hybrid structure produces a record high contrast of the spin valley readout (> 40%) revealed by the polarization resolved photoluminescence (PL) measurements. Our results are promising for on-chip integration of TMDC monolayers with optical resonators for nanophotonic circuits.
Introduction
Atomically-thin transition-metal dichalcogenides (TMDCs) are an emerging class of materials with unique optoelectronic properties. 1 They possess a direct bandgap 2 , exhibit very large exciton binding energies 3 and strong spin-orbit coupling 4 . In addition, a very unique aspect of these materials, is a strong spin valley polarization (due to their natural inversion symmetry breaking), that allows optical readout [5] [6] [7] and electrical modulation even at room temperature. [8] [9] [10] [11] These properties elevate TMDCs as one of the promising candidates for applications in nanophotonics, quantum optics, magneto-optics and valleytronics. [12] [13] [14] Most of the promising applications of TMDCs-such as ultra-low-threshold lasers, 15 light emitting diodes (LEDs), 8, 16 photodetectors 17 and spin valley readout rely on efficient generation/extraction (or absorption) of photons emitted by the TMDCs. Given the monolayer nature of the material, light absorption can be challenging; an emerging topic of research is the hybrid integration of TMDCs with photonic 15, [18] [19] or plasmonic cavities [20] [21] to enhance lightmatter interaction.
Circular Bragg grating (CBG) cavities, are structures which are rather simple to fabricate and produce high photon extraction rates and efficient Purcell enhancement. [22] [23] The CBG is therefore particularly attractive and promising for integration with 2D materials. The basic structure consists of a wavelength-scale central disk surrounded by periodic concentric rings acting as an antenna. The circular grating operates under the second-order Bragg condition, and provides reflective feedback to the cavity and near-vertical upwards scattering. The emitted photons are firstly captured by the low-Q cavity formed by the central disk and the concentric circular grating, and are then scattered out of the plane by the circular grating with a convergent, far-field pattern for efficient photon collection by the objective. 24 Here, we demonstrate efficient coupling between a monolayer WSe2 and a CBG. A WSe2 monolayer is transferred and spatially aligned with the photonic CBG cavity. When coupled, we observe a seven-fold enhancement in the excitonic emission from the hybrid WSe2-CBG device. We also observe a Purcell enhancement of ~4, as deduced from measuring the timeresolved photoluminescence (PL) and high contrast of the spin valley readout.
A schematic illustration of the WSe2 monolayer placed on top of the CBG is shown in figure   1a . WSe2 flakes were grown by chemical vapour deposition (CVD). 25 The thickness of the flakes was measured to be ~0.7 nm using atomic force microscope (AFM) and confirming it to be a monolayer ( figure. 1b) . 17, 26 The typical lateral length of the WSe2 is ~50 μm. The monolayer was then transferred 26 onto a silicon nitride (Si3N4) substrate, which had been patterned with shallow CBG trenches. The large area of the WSe2 allows for high precision in the positioning of the flake in the center of the CBG without requiring sophisticated alignment procedures. The emission from the flake is uniform across its entirety, which enables the easy and direct comparison of PL emission for the same WSe2 monolayer from regions both in the center of the CBG and completely away from it. A false-colour scanning electron microscopy (SEM) image of the fabricated WSe2-CBG structure is shown in figure 1c . The yellow regions correspond to the WSe2 monolayer, part of which covers entirely the center of the CBG (the red circle): this is essential for coupling the emission from the WSe2 to the CBG photonic structure. Note that a portion of the flake also extends outside the grating structure (blue circle) which, as mentioned before, is ideal for direct comparison of the photon emission rates and directionality for the on-center and off-center (off-grating) cases. We also considered other marked areas (cyan and green circles), discussed below.
We designed the CBG to match the emission frequency of the WSe2 by using a commercial software package (Lumerical Solutions, Inc.) and simulate the intrinsic optical properties of the CBG with an electric dipole source located on top of the center of the structure by 3D finitedifference time-domain (FDTD) method. The large index contrast at the Si3N4-air interface leads to strong reflections and out-of-slab-plane scattering, resulting in very high fields at the center (figure 2a). The Purcell factor is obtained from the ratio of total radiant power of a dipole in CBG to that of a dipole in vacuum by summing the transmitted power from a small box encircling the dipole. A resonant peak is clearly observed at 750 nm with the maximum Purcell factor of ~16 due to Bragg reflection and cavity resonant enhancement. Other peaks at longer wavelengths are oscillations near the Bragg reflection band-edge (figure 2b). degrees for the dipole on the CBG structure. On the contrary, the dipole off the center of CBG structure (indicated as off-grating) shows a donut-shape, far-field emission with a divergent emission angle wider than 60 degrees.
To evaluate the coupling of the WSe2 emission to the CBG, optical characterizations of the device were performed with a lab-built scanning confocal microscope (see methods). 27 In brief, a 532-nm, continuous-wave laser is used to excite the WSe2 using an air-objective with high numerical aperture (NA = 0.9) and 100x magnification. The photoluminescence (PL) signal is collected via the same objective and filtered by a 568-nm long-pass filter (to remove the residual excitation laser) and is coupled into a spectrometer through a multimode optical fibre.
Optimizations for spectral overlapping were explored to maximize coupling and enhance emission. A set of CBGs was fabricated with modes ranging from 728 to 755 nm, and the resonant wavelength was examined, as show in Figure S1 . We chose a specific CBG that matches the resonance of the WSe2 emission, as shown in Figure 3a . The resonant mode of the CBG is visible at ~756 nm, consistent with the simulation results discussed above. The measured quality factor is Q ~120, defined as Q = λ/λ, where λ is the cavity resonance wavelength and λ is the full width at half maximum (FWHM) of the resonance peak. Figure   3b shows the PL emission from the hybrid WSe2-CBG device measured in ambient conditions. We investigate the PL enhancement by measuring PL of WSe2 in the center (marked as position 1) of the CBG compared with that from WSe2 off the center of the CBG (marked as position 3) and used as the reference value (see figure 1c) . The emission from the WSe2 area coupled to the cavity (red curve) is ~4.5 times higher than that of the pristine uncoupled WSe2 (blue curve).
The circles in figure 1c indicate where the on-(red circle, position 1) and off-grating (blue circle, position 3) PL measurements were carried out. Notably, the PL spectrum from the WSe2 emission at position 1 is different from that at position 3, due to coupling of the WSe2 PL emission to the CBG resonant mode.
The PL emission from the WSe2 flake is temperature-dependent [28] [29] and has been shown to be higher at lower temperatures 30 owing to the suppression of the non-radiative decay components and the reduction in exposure to O2 and H2O-all resulting in lower radiative emission from WSe2. 20 Thus, we perform PL measurement on the WSe2-CBG in vacuum, at low temperature (77 K) to study the resulting coupling between the WSe2 and the CBG. The difference is attributed to the increased absorption of light in the CBG, as well as a directional emission from the CBG that together contribute to the increased emission intensity.
As expected, the room-temperature lifetime reduction is lower (see figure. S2 ), resulting also in a lower overall enhancement.
To further understand the temperature-dependent excitonic properties of the WSe2 coupled to the CBG, we systematically analysed temperature-resolved PL spectra of the WSe2-CBG hybrid structure. Figure 4a and 4b show the PL spectra collected from the WSe2 on and off the CBG center at temperatures ranging from 77 to 300 K. For the uncoupled WSe2 monolayer, we observed spectral splitting at a temperature below 120 K (figure 4b), as reported elsewhere. [28] [29] 31 The higher energy peak is the neutral exciton X 0 with a typical PL emission at ~729 nm, whereas the lower-energy peak is the trion peak, labelled X*, and emitting at ~763 nm. The trion X* emission peak is rather broad, it displays an exponential low-energy tail and it is thermally quenched for temperatures above 120 K. These features observed for the X* peak are usually considered evidence for disorder-related effects. 30 At 77 K, the trion peak dominates the PL emission spectrum (figure 4a). The emission matches spectrally the resonant mode of the CBG at ~756 nm, hence resulting in the observed sevenfold enhancement in PL intensity. However, the trion's emission intensity steadily decreases and red-shifts from ~765 nm to ~783 nm at temperatures above 77 K (figure 4b) due to thermal activation or recombination into free exciton. We thus attribute the higher enhancement at 77 K to a combination of effects: the aforementioned increased WSe2 PL and the better spectral matching between the WSe2 trion and the CBG resonant mode. Figure 4c shows the overall enhancement at the resonant wavelength from the coupled and the uncoupled case as a function of temperature. As explained above, the enhancement at 77 K is much stronger, due to preferential spectral match of the cavity mode and the trion emission. 
dependent PL intensity at resonant wavelength of the CBG, from WSe2 on-center (red circles) and off-gratings (blue circles).
Finally, we measure the optical spin valley contrast at room temperature. The measurement setup is described in Figure S3 . The degree of PL polarization with the helicity parameter is defined as
where I(σ+) and I(σ-) are the right and left circularly polarized emissions, respectively. There is only a small (ρ ~3.6%) contrast between the σ+ and σ-excitation for the uncoupled WSe2, as reported in previous studies 6 (figure 5a). Note that our measurements have an estimated error of ≤ 10% due to the non-perfect circular polarization of the beam (e.g. due to reflections which slightly distort the polarization). Figure 5b shows the contrast collected from position 4 which gives a value for the contrast still within the measurement error range, ρ ~8%. When the excitation is moved to position 2, ~1 m away from the CBG center, the contrast increased to ~17% (figure 5c) possibly due to strain or partial coupling. 32 The polarization contrast then reaches an extremely high value ρ ~43% at the center of the CBG (figure 5d) when the PL is totally coupled. To the best of our knowledge, this is the largest valley contrast that has been measured for WSe2. 
Methods

Numerical modelling
Numerical calculations are performed using a commercial solver, Lumerical software. and transferred into the Si3N4 layer using a CHF3-O2 based try etch process. Finally, the ebeam resist is removed by a 1165 remover solution in an ultrasonication bath.
Optical characterization
The optical characterizations of the structures were carried out with a lab-built scanning confocal microscope. A continuous wave (CW) 532-nm laser (Gem 532, Laser Quantum Ltd.)
was used for excitation. The laser was directed through a Glan-Taylor polarizer (Model No.
DGL10, Thorlabs Inc.) and a half-wave plate, and focused onto the sample using a highnumerical-aperture objective lens (NA = 0.9, TU Plan Flour 100x, Nikon). The laser was scanned across the sample using an x−y piezo scanning mirror (FSM-300, Newport). The collected light was filtered using a 532-nm dichroic mirror (532-nm laser BrightLine, Semrock)
and an additional 568-nm long pass filter (LP Filter 568 nm, Semrock). The signal was then coupled into a graded-index fiber, where the fiber aperture served as a pinhole. A fiber splitter was used to direct the light to a spectrometer (Acton SpectraPro, Princeton Instrument Inc.)
and to an avalanche photodiodes (SPCM-AQRH-14-FC, Excelitas Technologies) for timeresolved measurement. To avoid sample damage, the laser excitation was performed at low power (<50 μW). Lifetime measurements were performed using a Fianium Whitelase Supercontinuum laser (NKT Photonics) coupled into a fibre. The laser was collimated and went through a short-pass filter (568 nm, Samrock) to filter the 532-nm light. The repetition rate was kept at 20 MHz for all the experiments. Samples for radiative lifetime measurement were all measured at 77 K in vacuum. The data were fit by using a double exponential function.
Temperature-dependant experiments were also performed using a closed-cycle refrigerating system cryostat cooled with liquid nitrogen.
